Introduction {#sec1-1}
============

Drugs commonly used in modern medicine for suppression of pain and inflammation like non-steroidal anti-inflammatory drugs and corticosteroids provide only symptomatic relief. Long-term use of these drugs is associated with serious adverse effects. Hence, the search for a new, safe analgesic and anti-inflammatory drug is ongoing. Introduced in 1980, statin group of drugs are most efficacious and well-tolerated in the treatment of hyperlipidemia. Statins are widely used for the prevention of cardiovascular diseases. Although the beneficial effects of statins in preventing cardiovascular diseases may derive from their lipid-lowering activity, these drugs have also been shown to possess anti-inflammatory and immunomodulatory effects.\[[@ref1]\] Indeed, several recent studies have demonstrated the ability of diverse statins to prevent chronic inflammation *in vivo*, and one clinical trial has shown the beneficial effects of atorvastatin in patients with rheumatoid arthritis.\[[@ref2]--[@ref5]\]

Statins have been shown to decrease the secretion of pro-inflammatory cytokines IL-6 (interleukin-6) and IL-8 (interleukin-8) from macrophages, and inhibit the release of the chemokine CCL2/MCP-1 (macrophage chemotactic protein-1) from these cells.\[[@ref6][@ref7]\] The molecular mechanisms sub serving such anti-inflammatory and/or immunomodulatory activities are unclear. Osteoarthritis is a common disorder that causes severe pain and immobility in the patient. Treatment of osteoarthritis in modern medicine is currently limited to drugs that provide only symptomatic relief, and these drugs are associated with serious adverse effects. Hence, research for finding a better and safe drug for osteoarthritis has been a continuous process. Patients of hyperlipidemia are often overweight and more likely to suffer from osteoarthritis.\[[@ref8]\] Considering various reports about anti-inflammatory and analgesic activity of statins, it is worthwhile to further evaluate these activities.

Atorvastatin has also been evaluated for its anti-inflammatory and analgesic activities; however, the results are controversial.\[[@ref9]\] During our literature search we did not come across any study that evaluated the analgesic activity of simvastatin. Hence, this study was planned to evaluate and compare the anti-inflammatory and analgesic activities of simvastatin and atorvastatin in different animal models of inflammation and pain.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Animals {#sec3-1}

Adult Wistar albino rats (Rattus norvegicus, weighing between 180 -280 g) and Swiss mice (weighing between 25--30 g) of either gender were used. Animals were kept in cages in temperature-regulated rooms with air-cooling and 12 hours light and dark cycle, and had free access to water and standard laboratory diet. They were allowed to acclimatize to the laboratory conditions for a period of one week, and kept fasting overnight prior to the experiment. The study was approved by the Institutional Animal Ethics Committee and all the experiments were performed as per the Committee for the purpose of control and supervision on experiments on animals (CPCSEA) guidelines.

### Drugs and Reagents {#sec3-2}

Simvastatin pure powdered form (Jubliant Organic Ltd.), atorvastatin pure powdered form (Ind-Swift laboratories ltd.), aspirin in pure powdered form (The Sugars Ltd), Injection tramadol, carrageenin 1% in 0.9% saline, carboxymethyl cellulose, and polyethylene glycol as a solvent were used. Simvastatin, atorvastatin and aspirin in pure powdered form were obtained as gift samples from the companies mentioned in parenthesis. For evaluation of both analgesic and anti-inflammatory activities, animals were divided into the following four groups (*n* = six in each group):Group 1- control group: Treated with normal saline (2 ml/kg orally) with polyethylene glycol; Group 2- simvastatin group: Treated with simvastatin (40 mg/kg orally) dissolved in polyethylene glycol; Group 3- atorvastatin group: Treated with atorvastatin (10 mg/kg orally), dissolved in polyethylene glycol; Group 4- aspirin group:Treated with aspirin (300 mg/kg orally), dissolved in carboxymethylcellulose. For tail-flick model of analgesia an additional group (*n* = six) treated with Injection tramadol Dose: 10 mg/kg intraperitoneal (i.p) was included.

### Evaluation of analgesic activity {#sec3-3}

### Tail-flick method {#sec3-4}

Analgesia was measured using modified method of D Amour and Smith\[[@ref10]\] called as tail flick method using an analgesiometer. Reaction time in seconds was used as the unit for measurement of pain and an increase in reaction time was indicative of analgesia. Time between placing the tail of the rat on the radiant heat source and sharp withdrawal of the tail was recorded as "reaction time". Cut off time of ten seconds was imposed in all sets of experiments taken as maximum latency so as to rule out thermal injury while noting down the reaction time. Animals that showed a mean reaction time outside the range of five-six seconds, were discarded. In all the groups, tail-flick test was performed prior to drug administration, and at 30, 60, 90 and 120 minutes after drug administration, and the reaction time at each time interval (test latency) was calculated.

Percentage analgesia was calculated using the following formula:

\% Analgesia = MPE=TL-BL / ML-BL × 100

Where, M.P.E. = Maximum possible effect, M.L. = Maximum latency or cut off time T.L. = Test latency, B.L. = Basal latency or control latency

### Acetic acid induced writhing method {#sec3-5}

The writhing model represents a chemical nociceptive test based on the induction of peritonitis like condition in animals by injecting irritant substances i.p. After 30 minutes of drug administration, 0.1 ml of 1% acetic acid solution was injected i.p. Mice were placed individually into glass beakers and five minutes were allowed to elapse. They were then observed for a period of ten minutes and the numbers of writhes were recorded in each animal. For scoring purpose, a writhe is indicated by stretching of the abdomen with simultaneous stretching of at least one hind limb.\[[@ref11]\]

Percentage inhibition was calculated using the following formula:

\% inhibition= { (W~c~- W~t~) × 100 } / Wc

Where, W~c~ = No. of writhes in control group, W~t~ = No. of writhes in test group

Compounds with less than 70% inhibition were considered to have minimal analgesic activity.\[[@ref11]\]

### Evaluation of anti-inflammatory activity {#sec3-6}

### Acute anti-inflammatory activity {#sec3-7}

Paw edema was induced by an intradermal injection of 0.1 ml of carrageenin (1% in normal saline solution) into the plantar surface of the right hind paw of rats (method of Winter, Risley and Nuss).\[[@ref12]\] The acute phase of inflammatory reaction, i.e. edema volume of right hind paw was determined using a plethysmometer modified by Hardayal Singh and Ghosh,\[[@ref13]\] prior to and 30, 60 and 120 minutes after carrageenin injection. All the drugs were administered one hour prior to carrageenin. Percentage inhibition of paw edema was calculated using the following formula:
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### Chronic anti-inflammatory activity {#sec3-8}

In this method, a chronic phase of inflammation was induced by subcutaneous injection of 0.1 ml of 2% formalin under the plantar aponeurosis of right hind paw of rats on first and third day of the experiment.\[[@ref14]\] Treatment was started on day one and continued daily for ten days. The linear cross section (LCS) immediately below the ankle joint was measured daily with the vernier caliper. The difference in LCS on day one and day ten was calculated for all groups. Percentage anti-inflammatory effect of particular drug was calculated as follows:
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### Statistical analysis {#sec3-9}

Results are expressed as mean ± Standard Error of Mean (SEM). Data was analyzed using Graph pad prism software version 5.01. Comparison between different groups was done by One-Way Analysis of Variance (ANOVA) followed by Tukey\'s test. *P* value less than 0.05 was considered statistically significant.

Results {#sec1-3}
=======

 {#sec2-2}

### Analgesic Activity: Tail-Flick Method {#sec3-10}

[Table 1](#T1){ref-type="table"} shows that at 30 minutes, the MPE values of simvastatin and tramadol were comparable (*P* \> 0.05) while that of atorvastatin was statistically significantly less than both (*P* \< 0.05). At 60 and 90 minutes, mean MPE of tramadol was maximum, and significantly greater than the other three groups (*P* \< 0.05). At 120 minutes, MPE of atorvastatin and tramadol was comparable and was significantly more when compared to both, simvastatin and aspirin (*P* \< 0.05). Atorvastatin showed the maximum MPE at 120 minutes amongst the different time intervals, which was comparable to that of tramadol (*P* \> 0.05). \[[Table 1](#T1){ref-type="table"}\]

###### 

Maximum possible effect of drugs in tail flick model of analgesia in rats
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### Analgesic activity: acetic acid -- induced writhing method {#sec3-11}

[Table 2](#T2){ref-type="table"} illustrates the time to onset of writhing and the number of writhes in ten minutes which were significantly less in simvastatin and aspirin group when compared to control (*P* \< 0.001), while in the atorvastatin group, these were comparable to that of control and were significantly more as compared to aspirin. Percentage analgesia was maximum in aspirin group (85.36%) and lowest in atorvastatin group (36.30%). \[[Table 2](#T2){ref-type="table"}\]

###### 

Effect of different drugs on onset of writhing and number of writhes in acetic acid induced writhing model of analgesia in mice
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### Acute anti-inflammatory activity {#sec3-12}

[Table 3](#T3){ref-type="table"} shows that the basal mean paw volume was comparable in all the groups. At 60 minutes and 120 minutes, the mean paw volume in all the three drug treated groups was statistically significantly lower when compared to control group (*P* \< 0.001). Percentage inhibition of acute inflammation was greater in aspirin group when compared to simvastatin and atorvastatin at all-time intervals. Similarly, the percentage inhibition in simvastatin group was greater than that of atorvastatin at all-time intervals. \[[Table 4](#T4){ref-type="table"}\]

###### 

Effect of different drugs on paw volume in carrageenin induced paw edema in rats
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###### 

Percentage inhibition of carrageenin induced paw edema by different drugs
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### Chronic anti-inflammatory activity {#sec3-13}

The mean difference between LCS on tenth day and first day was calculated for each group. Lower the difference in LCS, higher is the anti-inflammatory action. [Table 5](#T5){ref-type="table"} shows that the mean differences in LCS in all the three drug treated groups were statistically significantly less when compared to control (*P* \< 0.001), though the difference in LCS in simvastatin and atorvastatin groups was more than that in aspirin group (*P* \< 0.05). The least difference in mean LCS was found in the aspirin group. Inhibition of arthritis started from the fifth day in aspirin group, sixth day in atorvastatin group and seventh day in the simvastatin group, and maximum effect was seen on the tenth day in all the groups.

###### 

Effect of different drugs on linear cross section below the ankle joint in formalin induced arthritis in rats
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Discussion {#sec1-4}
==========

Statins have been widely used in the treatment of dyslipidemia since long. More recently there has been an interest in the analgesic and anti-inflammatory activities of statins following reports about their ability to relieve pain and inflammation. Tail flick method of analgesia is effective in estimating the efficacy and potency of centrally acting analgesics.\[[@ref14]\] This was evident in this study wherein the pain threshold increased significantly during the period of observation in all the four drug treated groups, with maximum effect observed in the tramadol group. Though aspirin has a central component of action, it predominantly produces analgesia through a peripheral action;\[[@ref7][@ref15]\] hence, maximum analgesic action of aspirin cannot be evident in this method which may be the reason that analgesic activity of simvastatin was comparable to aspirin. That atorvastatin showed analgesic activity comparable to tramadol at 120 minutes appears to be a significant finding and suggests that this drug has a slow onset of analgesic action.

In acetic acid induced writhing model, compounds with percentage analgesia of less than 70% are considered to have minimal analgesic activity.\[[@ref14]\] Percentage analgesia with both simvastatin and atorvastatin was less than 70%, and it was more than 80% only in the aspirin treated animals. The writhing response induced by acetic acid is a sensitive procedure to establish peripherally acting analgesics. This response is thought to involve local peritoneal receptors. As this method mainly evaluates peripherally acting analgesics, maximum analgesic activity of aspirin was observed in this model. Simvastatin also exhibited significant analgesic activity though less than aspirin. Selective analgesic action of statins has not been evaluated in commonly used experimental models of analgesia; hence, we lack comparative data. Published reports are based on their evaluation in inflammatory nociception. In a rat model of adjuvant-induced arthritis, atorvastatin prevented the hypernociception observed in inflamed joints,\[[@ref7]\] while orally administered atorvastatin was found to be effective in inhibiting inflammatory hypernociception in a model of mechanical hypernociception in mouse paw with an electronic pressure-meter.\[[@ref16]\]

We did not investigate the underlying mechanism by which statins inhibit nociception; however, it has been reported that bradykinin, (BK), tumour necrosis factor-a (TNF- a), interleukin-1b (IL-1b) and the chemokine CXCL induce approximately the same intensity of hypernociception, and pretreatment with atorvastatin reduced each of these hypernociceptive states, to about the same level.\[[@ref16]\] Atorvastatin also has been reported to reduce prostaglandin E2 (PGE2)-induced hypernociception.\[[@ref17][@ref18]\]

Though the results of our study show that analgesic activity of simvastatin and atorvastatin is comparable to aspirin and tramadol, respectively, at specific time intervals in the tail-flick model of analgesia, it is less likely that this would be useful in their clinical use as analgesics in the absence of inflammation. Mediators involved in inflammatory nociception are distinct and reports in literature suggest that statins may be more effective in suppressing the release of these mediators; and hence, their clinical utility would be better in these settings.

In the model of acute inflammation, both simvastatin and atorvastatin showed anti-inflammatory activity comparable to aspirin. Similar findings have been reported by Sparrow CP *et al*.\[[@ref1]\] wherein, simvastatin administered orally (10 to 100 mg/kg) to mice significantly reduced the extent of carrageenin-induced foot pad edema.

Carrageenin-induced hind paw edema is the standard experimental model of acute inflammation. Carrageenin is the phlogistic agent of choice for testing anti-inflammatory drugs as it is not known to be antigenic and is devoid of apparent systemic effects. This model exhibits a high degree of reproducibility and has significant predictive value for clinically useful anti-inflammatory drugs.\[[@ref10]\] Carrageenin-induced edema is a biphasic response. The first phase is mediated through the release of histamine, serotonin and kinins, whereas the second phase is due to the release of prostaglandin and slow reacting substances.\[[@ref19]\] Inhibition of carrageenin induced edema by simvastatin and atorvastatin can therefore be attributed to their ability to inhibit release of various mediators of inflammation.

Both statins showed significant anti-inflammatory activity though less than aspirin in formalin induced arthritis model of chronic inflammation. Though we did not come across any study evaluating the anti-inflammatory activity of statins in a similar experimental model, the same has been done in arthritis induced by other methods. Atorvastatin has been found to have significantly inhibited adjuvant-induced arthritis in rats, and simvastatin had significant efficacy in murine collagen-induced arthritis.\[[@ref7][@ref9]\] Atleast one clinical trial has reported the efficacy of atorvastatin in a randomized, double-blind, placebo-controlled clinical trial in patients of rheumatoid arthritis in whom atorvastatin was used as an adjunct to existing disease-modifying antirheumatic drug therapy.\[[@ref5]\]

Various investigators have tried to explore the mechanisms underlying the anti-inflammatory activity of statins. Simvastatin therapy significantly decreased high-sensitivity C-reactive protein (a bio-marker of inflammation) levels in patients of metabolic syndrome compared with placebo, and resulted in a significant reduction in plasma and lipopolysaccharide-activated monocytic release of interleukin 6 (IL-6) and TNF.\[[@ref20]\] Hence, it appears that statins can effectively suppress both acute as well as chronic inflammation by inhibiting the release of various mediators of inflammation. In this study, dosages used for evaluation of both analgesic and anti-inflammatory activities were in accordance with those used in previous published studies.\[[@ref1][@ref7][@ref15][@ref16]\]

None of the studies evaluating the analgesic and anti-inflammatory activities of statins in different experimental models have compared them with a standard drug. In this study, we used aspirin as a comparator, and observed that the activity of statins though significantly more than control group was less than aspirin. These results supported by already published reports in literature indicate that statins do have an important role to play as analgesics and anti-inflammatory agents. However, considering their current role as hypolipidemics and the safety issues involved with their use, as well as the availability of many other drugs having superior analgesic and anti inflammatory activities, the routine use of statins for these effects cannot be justified. However, these drugs can certainly emerge as useful alternatives in the treatment of diseases characterized by chronic inflammation particularly when there is coexisting dyslipidemia. Further, it appears that they may be particularly effective in the event of inflammatory nociception.
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